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Abstract: Accurate, precise, and rapid analytical moni-
toring of various nuclear materials is essential for the
smooth functioning of nuclear reactors. Ion chromato-
graphy (IC) has emerged as an effective analytical tool
for simultaneous detection of different ions in a wide
range of materials used in the nuclear industry. The
major advantages over other techniques include superior
selectivity and sensitivity for detection of anions and
cations, wide dynamic range, and speciation studies of
ions. This article provides an overview of different ion
chromatographic methodologies developed for the analyses
of various nuclear materials such as fuel, control rods, mod-
erator, coolant, and process streams. Comparison of various
analytical aspects of IC over the other routine techniques
reveals the ease and multidimensional capability of the
technique. An insight is given to the modern variations in
the field such as coupling of IC with other techniques for the
characterization of nuclear matrices, implementation of
capillary IC in terms of miniaturization, and so on. The
information presented herein will serve as a very useful
resource for investigators in the field of characterization of
nuclear materials.

Keywords: analytical monitoring, nuclear materials, ion
chromatography, simultaneous detection, modern variations

1 Introduction

Nuclear energy has received recognition for being a clean
and green energy source. As per today, about 10% of the
total electricity generated worldwide is from 440 nuclear
reactors (retrieved from https://www.world-nuclear.
org/information-library/current-and-future-generation/
nuclear-power-in-the-world-today.aspx). India being
one of the major promoters of nuclear power program
across the globe, it strives to achieve self-reliance in
meeting energy needs of the people. Different nuclear
power reactors play a key role in endeavoring this
goal. There are 22 nuclear reactors operating in 8 loca-
tions in India with a total capacity of 6780MW (retrieved
from https://www.npcil.nic.in/content/302_1_AllPlants.
aspx). Indian nuclear power program is presently based on
pressurized heavy water reactors (PHWRs) and boiling
water reactors (BWRs) of different capacities. Apart from
energy production reactors, there are nuclear reactors
employed for the research purpose. Research reactors
extend valuable support in the development of the nuclear
program by making available the neutrons for different
applications like testing of materials, production of radio-
isotopes, research, and training [1]. A lot of research stu-
dies are being pursued on the development of advanced
reactors.

In view of the smooth operation of any reactor, the
role of nuclear materials comes to the forefront [2]. The
characterization of nuclear materials, reactor compo-
nents, and the associated surroundings are very much
essential during different stages of nuclear operations
such as exploration, mining, refining, fuel fabrication,
assembling, reactor operation, reprocessing, recycling,
and disposal. The control over the composition of nuclear
materials not only determines the success of the reactor
operations but is also essential from the viewpoint of
safeguard aspects. The purity of these materials plays
an important role in such cases. There are various analy-
tical techniques available for the testing of nuclear mate-
rials, for example, spectrometric, chromatographic, and
electrochemical methods. Among these, ion chromatography
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(IC) has emerged as an important tool for simultaneous
analysis of ions owing to its simplicity, efficiency, and
ability to estimate different valance states of metals as
well as nonmetals in a single run in a wide concentration
range.

IC is a subclass of liquid chromatography employed
for the detection of ionic analytes from various matrices.
This technique was developed by Hamish Small and cow-
orkers in the early 1970s at Dow Chemical Company as a
novel method of separation based on ion exchange [3].
The last few decades have witnessed continuous tech-
nical developments in the field of the IC. The modern IC
instrument is high-performance liquid chromatograph,
which can be employed for the separation and quantifi-
cation of anions and cations – both organic and inorganic
[4,5]. It utilizes highly efficient columns with small-sized
particles for the separation of analytes and usually a con-
ductometric or spectroscopic detector for identification.
Ions from the sample matrix are separated based on the
ion exchange affinities and reactions that are characte-
ristics of each type of ion [6]. The technique can be clas-
sified into two types: suppressed ion chromatography
and nonsuppressed ion chromatography [7,8]. Figure 1a
shows the schematic of basic components of an ion chro-
matograph, which include an eluent reservoir, a high-

pressure pump, a sample injector, a guard column, an
analytical column, a suppressor, a detector, and a data
acquisition system. The working of IC system involves the
following steps. First, the eluent from the reservoir is
loaded to the analyte column. A high-pressure pump is
used for efficient delivery of the eluent to the system. The
sample is then introduced to the system through the
injection valve. It can be done either manually or by
using an autosampler. The sample is further transported
to the guard and the analytical column through the con-
tinuous flow of the mobile phase. Separation of the
sample components occurs depending on their variable
affinities toward the stationary phase. This affinity and
hence separation of ions are governed by two important
factors: (a) the charge on the ion and (b) the size of the
ion (hydrated). Separated analyte ions along with the
eluent travel to the suppressor column. The “suppressor”
is needed for decreasing the background conductivity
arising due to the mobile phase. The suppressor converts
the eluent into a low conducting species and the analyte
ions into a highly conducting species, thereby reducing
the signal from the eluent species and simultaneously
enhancing the signal of the analyte. It results in improve-
ment in the signal-to-noise ratio of the detection system.
Hence, the technique is also called as dual-column ion

Figure 1: (a) Schematic representation of basic components of ion chromatograph with suppressed conductivity detector. (b) Ion chro-
matographic analysis conditions for separation of seven anions from an aqueous mixture. (c) The corresponding chromatogram showing the
well-separated seven anions.
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chromatography. Quantitative determination of analytes
is carried out by the detector. Conductivity detector with
a suppressor is the most common detector in IC. Apart
from that, UV-Vis, fluorescence, and amperometric detec-
tors are also used depending on the analysis requirement.
In the absence of the suppressor column, the analyte
column is directly connected to the detector. In this
case, low-capacity resins in combination with relatively
low-conductance eluents are employed for separation of
ions of interest to manage the detector signal output, thus
enabling sensitive detection of the sample components
[9]. There are some optional components of the IC system
such as a postcolumn reactor for derivatizations, eluent
generation, and treatment systems. For cation exchange
separations, ion exchangers with sulfonate or carboxy-
late functional groups are generally used with acidic elu-
ents like H2SO4, oxalic acid, and benzoic acid. In the case
of anion exchange separations, the ion exchangers with
quaternary/tertiary amine functionality are generally uti-
lized with alkaline eluents such as Na2CO3, NaHCO3,

Na2B4O7, and NaOH. Figure 1b illustrates the ion chroma-
tographic analysis conditions for separation of a seven
anions (commonly found in groundwater) from a mix-
ture, which is carried out at our laboratory, and the cor-
responding chromatogram is shown in Figure 1c. The
chromatogram shows separation of all the seven anions
in the sample based on conductivity as a function of time
under the specified analysis conditions.

Till date, one of the most explored areas of IC appli-
cations is the analysis of environmental matrices specifi-
cally water and wastewater samples [10–15]. In fact,
IC has emerged as one of the reference methods for
the analysis of different ions in water and wastewater
samples, effluents from industries, airborne particles
collected on particulate filters, and gaseous samples
absorbed on charcoal [16]. Another important applica-
tions of IC is in power industries for the characterization
of feed and process streams (retrieved from www.me-
trohm.com) [17]. An important although not much-dis-
cussed application of IC is in the analysis of nuclear
materials. This article reviews the ion chromatographic
methods developed for the characterization of nuclear
materials. A brief account of methodologies developed
during the IC analysis of various materials, which are
used directly or indirectly for nuclear applications and
effect of the presence of trace level ionic impurities in
these matrices, is given in this study. Most of the work
discussed herein is carried out in Bhabha Atomic
Research Centre, India. In addition, the recent develop-
ments in the field including hyphenation in the detection,
capillary IC, and so on are also discussed. To the best of

our knowledge, this is the first review on ion chromato-
graphic characterization of nuclear materials for the trace
impurities.

2 Characterization of nuclear
materials using ion
chromatography

Nuclear reactors deal with harsh operational conditions
of pressure, temperature, radiation exposure, and corro-
sive environment. There are stringent specifications for
the different nuclear or structural materials employed for
such applications (retrieved from https://www.astm.org/
Standards/nuclear-technology-standards.html). The
noncompliance of these specifications leads to the failure
of the entire system and can cause a tremendous loss. The
main components of the nuclear reactor system include
fuel element, clad, moderator, coolant, and control rod.
The trace impurities can adversely affect the physico-che-
mical properties of the nuclear materials in the reactor
environment. Therefore, purity check of the reactor com-
ponents is very essential and is a part of routine quality
control. Along with the integral parts of nuclear reactor,
the analysis of process streams is equally important.

The major issue with analysis of nuclear materials
in most of the cases is their association with radiation
fields, which limits their analysis by normal procedures.
Generally, the separation of the analytes is carried out
by chemical means, which not only can be cumbersome
and time consuming but also can affect the accuracy and
detection limit of the analysis. The handling of active and
contaminated samples can be hazardous. Therefore, the
analytical procedures have strict regulations and should
involve minimum processing steps and exposure to the
analyst. Special lab setup for sample preparation/sample
pretreatment and analysis is required especially in the
case of analysis of spent nuclear fuels and associated
materials. Hot cells or shielded nuclear radiation contain-
ment chambers and glove boxes are generally used for
such purposes in nuclear power reactor labs and nuclear
medicines industries. The hot cells are equipped to
handle α and β radioactivity. Furthermore, the hot cells
are placed in the classified clean rooms. Mechanisms like
artificial hands are employed, such as remote manipula-
tors or glove boxes to avoid hand doses. Such arrange-
ments can minimize the radiation dose to the analyst and
provide a safe containment box, thereby protecting the
individuals. Apart from this, the use of appropriate
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protective clothing, eyeglasses, and radiation shields;
maintaining strict hygiene; and periodic check on the
radiation levels can lead to the minimum exposure to
the analyst.

Ion exchange chromatography is one of the earliest
chromatography techniques employed in the nuclear
industry. In the Manhattan Project, ion-exchange played
a key role in the separation of plutonium from other
radioactive nuclides [18]. A systematic discussion on
the application of IC as an analytical tool for the charac-
terization of nuclear materials is presented herein. The
examples include analyses of fuel, control rods, mod-
erator, coolant, and various process streams in separate
sections. In most of the cases, IC deals with the analysis
of trace impurities of nuclear materials.

2.1 Analysis of nuclear fuel materials

Nuclear fuel is the heart of the nuclear power reactor.
Fuel once loaded in the reactor is expected to work satis-
factorily for the intended period. Successful operation
of nuclear reactors relies on the efficiency of the perfor-
mance of the fuel and other structural materials employed
in the reactor. Uranium metal and uranium dioxide are
the fuel materials of choice for most of the reactors. There
is a possibility of contamination with different impurities
during various stages of ore processing and fuel fabrica-
tion. The impurities mainly include alkali, alkaline earth
elements, transition elements, nitrogen, borate, chloride,
and fluoride, which can affect the performance of the
fuel. In the following examples, the contribution of IC
in the characterization of nuclear fuels is discussed.

2.1.1 Cation chromatography for the characterization of
uranium dioxide (UO2) pellets for the nitrogen
content

Sintered UO2 pellets are used as a fuel in PHWRs.
Determination of nitrogen in uranium pellets is very
important due to its stringent specification for the quality
control of nuclear fuels. The specification limits of nitrogen
in uranium alloy and sintered UO2 pellet are 700 and
200 µg g−1, respectively [19]. Nitrogen, which is mostly
present as nitrides, gets decomposed due to the pressur-
ization of fuel pin. The released nitrogen then forms
brittle nitrides on the internal surface of the clad, which
eventually leads to fuel pin failure. In addition, the
nuclear reactions of nitrogen may result in the formation
of radioactive carbon C14 and affect the reprocessing of

spent fuels. Therefore, the concentration of nitrogen is
very crucial under reactor conditions. The most common
protocol for the nitrogen analysis in nuclear fuels involve
separation of nitrogen from the matrix by the Kjeldahl
method of distillation followed by photometric/potentio-
metric (ion-selective electrode) detection [19]. However,
the method is tedious, is time consuming, and generally
possess severe blank variations. Anothermethod employing
gas chromatographic separation procedure requires a
large amount of sample. To overcome these limitations,
Verma et al. has developed an ion chromatographic
method with a dual approach [20]. The first approach
was the determination of nitrogen as ammonium cation
after Kjeldahl distillation. In the second approach, the
distillation was avoided, and matrix separation was car-
ried out by hydrolysis of polyvalent cation followed by
filtration of the as-formed precipitate. The filtrate was
further analyzed after proper dilution for nitrogen as

+NH4 by ion chromatography using 11 mM sulfuric acid
mobile phase at a flow rate of 1 mLmin−1. The calibration
plot for nitrogen was found to be linear in the concentra-
tion range of 0.02–1.0 mg L−1 with a regression coefficient
of 0.9999. The relative standard deviation (RSD) of the
method (100 µL injected) for nine replicates at the nitrogen
level of 28 and 55 ng g−1 was 3% and 2%, respectively. A
very low detection limit of 4 ng g−1 was accomplished
using the IC technique.

2.1.2 Analysis of alkali, alkaline earth elements, and
transition elements in uranium- and thorium-
based nuclear fuel materials

Another interesting application of cation chromatography
has been developed for the determination of trace
cationic impurities in nuclear fuels. The presence of
alkali and alkaline earth elements reduces the fuel den-
sity, affects neutron economy, and leads to the formation
of activation products. For example, the presence of Ca
and Mg influences the O/M ratio of the fuel matrix due to
the favored oxide formation [21–23]. Different methods
used for the analysis suffer from poor precision, poor
sensitivity, or nonavailability of matrix-matching stan-
dards [24,25]. Kelkar et al. have developed a nonsuppressed
ion chromatography method for the simultaneous deter-
mination of alkali, alkaline earth, and transition metal
elements in UO2, ThO2 powders, and sintered (Th,U)O2

pellet [26]. The major matrix elements such as uranium
and thorium were first removed by solvent extraction
with TBP/TOPO in CCl4 to avoid the column overloading
followed by evaporation of the aqueous phase obtained
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after solvent extraction near to dryness and redissolution
in 0.001 M HNO3. Metrosep cation 1-2 analytical column
containing poly butadiene-maleic acid (PBDMA)-coated
silica has been used for the separation of 12 cations
(copper, lithium, sodium, ammonium, nickel, potassium,
zinc, cobalt, manganese, magnesium, calcium, and stron-
tium) using isocratic elution with tartaric acid and oxalic
acid as mobile phase with nonsuppressed conductivity
detection. The recoveries for cations in the spiked samples
were in the range of 94–110%.

A suppressed ion chromatographic methodology based
on matrix separation was developed by Verma and
Ramakumar [27]. The interferences from polyvalent and
transition cations were eliminated by hydrolysis and reten-
tion on iminodiacetic acid resin, respectively. The detection
limits for alkali and alkaline earth elements were lying
between 2 and 6 µg L−1, and the precision of the method
was >±5%with the recovery being in the range of 96–104%.

2.1.3 Determination of trace impurities of borate,
chloride, and fluoride in (U3O8, (Pu,U)C, and
Pu-alloys)

Detection of trace impurities of borate, chloride, and
fluoride in nuclear fuels is very important as boron can
affect the neutron economy, and F− and Cl− at trace levels
can corrode the clad surface by local depassivation of its
surface oxide film, which eventually can lead to the clad
failure. This necessitated the fixing of specification limits
for B, Cl, and F [28]. Jeyakumar et al. have developed a
method for the precise simultaneous determination of
these elements in nuclear fuels such as U3O8, (Pu,U)C,
and Pu-alloys [29]. The method involved the pyrohydro-
lytic extraction of B, Cl, and F from the samples as boric
acid, HCl, and HF, respectively, and the separation using
IC. The detection limits for B (as borate), F−, and Cl− were
24, 13, and 25 µg L−1, respectively. The main advantage of
the present method was the generation of a clean sample
solution (free from active liquid waste), which is amen-
able for the IC analysis. The chromatographic separation
of analytes was carried out by isocratic elution followed
by their conductivity detection. The authors claimed that
the proposed methodology could be used for the routine
analysis of U- and Pu-based nuclear fuel materials.

2.1.4 Determination of chloride in magnesium metal

Magnesium is being used as the reducing agent in the
form of magnesium diuranate (MDU) for the preparation

of UO2. In addition, it is employed as a cladding material
in research reactors and magnox reactors. The chloride
content present as impurity in the magnesium metal
leads to the formation of metal chloride, which upon
hydrolysis causes the formation of hydronium ions and
in turn increases the corrosion rate of the system due to
the increased acidity. It is also reported that the rate of
magnesium–water reaction is improved in the presence
of chloride catalyst [30]. Therefore, the purity check is
very important to determine the corrosion resistance of
magnesium. Kumar et al. have developed a simple and
rapid IC method for detecting Cl− in magnesium metal
after its dissolution in nitric acid [31]. Chloride separation
was achieved by using Metrosep Anion Dual 2 analytical
column connected in series with a Metrosep RP guard
column with a mixture of 1.3 mM Na2CO3 and 2 mM
NaHCO3 as the eluent followed by conductometric detec-
tion. The choice of nitric acid over sulfuric acid was made
considering much earlier separation of nitrate than sul-
fate to avoid the interferences in chloride determination.
There was no interference from the closely eluting system
peak. The method detection limit for chloride was found
to be 50mg kg−1 with an overall RSD of 5% for the ana-
lysis. The method showed quantitative standard addition
recovery for chloride and was in better agreement with
the available complimentary techniques.

However, the use of nitric acid in the aforementioned
method involved a high dilution factor to avoid the over-
loading of the low-capacity ion exchange column. To
overcome this limitation, Dash and Tangavel employed
two green approaches for chloride determination in mag-
nesium metal, viz. microwave-assisted water digestion
(MAWD) and microwave-induced oxygen combustion
(MIC) of the matrix followed by (IC) detection [32]. In
MAWD, the authors utilized the reactivity of magnesium
in water at high temperature for decomposition of the Mg
matrix along with simultaneous matrix removal as Mg
(OH)2 precipitate. In the second matrix decomposition
approach, i.e., MIC, the combustibility of magnesium
with oxygen is considered, which leads to the breakdown
of the sample matrix as MgO and chloride is escaped into
the solution. Furthermore, the chloride separation was
achieved using IonPac AS 17 anion-exchange column
with 5 mM sodium hydroxide as eluent. The use of deio-
nized water (pH of 12.5) in MAWD and the use of oxygen
as an oxidant in the place of acids in MIC cuts down the
ionic load in the sample digest. Hence, the large dilution
as in the case of previously discussed acid digestion
approaches can be avoided, thus improving the detection
limit of the analyte. Method detection limits (3σ) for
MAWD and MIC were found to be 1 and 4.2 μg g−1,
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respectively. The use of microwave for sample digestion
in closed conditions enhances the efficiency of the pro-
cess by reducing the sample treatment time and contri-
bution due to the blank.

2.2 Analysis of trace impurities in nuclear
breeder material

Lithium titanate is a potential breeder material for tritium
production in nuclear fusion reaction. Lithium carbonate
is generally used as the precursor for the synthesis of
lithium titanate due to its properties such as high lithium
density, thermal stability, excellent release at low tem-
perature, and chemical stability [33,34]. Purity check of
lithium carbonate precursor is necessary before its usage.
The large amount of carbonate in the sample matrix is
the major interference in the analysis of trace impurities.
An analytical method has been developed in our lab,
wherein the carbonate interference at the trace level
has been eliminated. The method involved a pretreatment
step by which the carbonate in the sample has been con-
verted into carbonic acid and subsequently removed from
the solution by purging nitrogen for 5min. The carbonate-
free sample solution was analyzed for trace impurities
by IC with suppressed conductometric detection using a
Dionex AS11-HC anion analytical column (4 × 250mm)
and 35mM NaOH as the eluent. The RSD of the method
was found to be 2%.

2.3 Characterization of control rod materials
in nuclear reactor

Control rods are applied to shut down the reactor and for
controlling the power of the reactor. Boron is used in the
form of boron carbide as control rods. Boron is very
important in the nuclear industry due to its very high
neutron absorption cross-section. It is also used as a
shielding material. Following are the examples of ana-
lysis of boron and boron carbide using IC.

2.3.1 Characterization of boron and boron carbide for
trace impurities of fluoride and chloride

The proper functioning of boron carbide as nuclear reactor
control rods depends on its purity. The trace level impu-
rities such as fluoride and chloride can lead to accelerated

corrosion of metallic components of the system. For nuclear
applications, the specification limits for chloride and
fluoride have been fixed to 75 and 25 mg g−1, respectively
[35]. The analysis of trace impurities in boron and its
compounds is very challenging pertaining to the highly
refractory nature of the material. The most recommended
ASTM procedure for such analysis is pyrohydrolysis paired
with IC [36]. However, long analysis time and require-
ment of high temperature for steam distillation of Cl−

and F− from the sample matrix are the major limitations
of this method. This necessitated the search for simple
and accurate methods for the routine analysis of these
samples. Kumar et al. have reported an alkaline (sodium
carbonate) fusion method for dissolution of the boron
carbide sample followed by chloride detection using IC
in the suppressed conductivity mode [37]. The main
advantage of the developed method there was no need
of matrix elimination. The sample fused in the sodium
carbonate matrix was dissolved in hot water and taken
for the analysis after appropriate dilution. A mixture of
1.3 mM Na2CO3 and 2 mM NaHCO3 was used as the mobile
phase. The strategy was simple and rapid. The detec-
tion limit of the method for chloride was found to be
33mg kg−1, which is well below its technical specification.

In another report, Krishna et al. developed the micro-
wave-assisted digestion method for determination of
Cl− and F− in nuclear-grade boron carbide powders for
the first time [38]. The popularity of closed microwave-
assisted leaching method for different analytes over the
conventional methods has increased with time due to
its short processing time, high efficiency, and lower risk
of contamination. In this study, the authors have com-
pared their analysis results with those obtained from the
conventional pyrohydrolysis method coupled with IC
technique.

Dash et al. have also employed the closed vessel
microwave-assisted digestion approach (using hydrogen
peroxide and dilute nitric acid medium) in conjugation
with suppressed IC for determination of Cl− and F− in
nuclear grade enriched boron (B10) [39]. Minimum amount
of reagents have been used to avoid the column over-
loading and to obtain efficient digestion of the sample.
The authors claim that the present digestion strategy
requires four times less amount of acid compared to the
conventional hot plate digestion as there is regeneration
of nitric acid at high temperature (230°C) via the oxida-
tive reaction of evolved NO2 with water. The chromato-
graphic responses of two analytical columns (IonPac
AS15 and IonPac AS20) toward Cl− and F− in the high
nitrate matrix have been compared. The method valida-
tion was performed with known spectrophotometric and
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ion-selective electrode techniques. The detection limit
for fluoride was 8mg kg−1 and that for chloride was
15 mg kg−1, while the RSD of the method was <10%.

Recently in our laboratory, we have developed a
green method employing an ultrasound-assisted solid–
liquid extraction (UA-SLE) paired with IC detection for
trace level determination of F− and Cl− in nuclear grade
boron carbide and elemental boron [40]. The results
obtained were validated with standard addition recovery
tests, ASTM procedure of pyrohydrolysis, and ion-selec-
tive electrode analysis. The method is free from harsh
chemicals, which are generally employed in the regular
sample pretreatment protocols. The detection limit for F−

and Cl− was found to be 1.0 and 2.0 µg g−1, respectively,
and the RSD of the method was 4%. The measurement
uncertainty budget for the developed method was pre-
sented using a bottom-up approach. The developed method
was extended for the analysis of trace anionic impurities
in the graphite sample. The results were found to be well
in agreement with the alternate analytical techniques
such as neutron activation analysis and ion-selective
electrode analysis.

2.4 Characterization of coolant and
moderator for trace impurities

Heavy water is used as a coolant in pressurized heavy
water reactors (PHWRs) in India to transport the heat
produced in nuclear reactors from the primary heat trans-
port system to the secondary light water (H2O) for steam
production. The ultra-trace concentrations of chloride
and sodium ion in heavy water are monitored routinely
by means of IC in our laboratory. For corrosion-free func-
tioning of the steam generators at high temperatures,
the pH of the feed water is increased by the addition of
volatile amines, in particular monoethanolamine (MEA)
along with hydrazine. The volatilized forms of these
amines along with steam are carried to different parts
of the entire steam–water circuit to provide protection
against corrosion. Hydrazine acts as the scavenger for
dissolved oxygen and retains reducing conditions. The
detection of MEA in the presence of hydrazine is challen-
ging due to their similar chemical properties and the pre-
sence of different cationic impurities.

Ayushi et al. have developed a simple and accurate
method based on derivatization IC for quantification of
MEA in the presence of hydrazine from PHWR steam-
water circuits [41]. The cationic interferences in the
sample matrix were eliminated by OnGuard-H cartridge
treatment. Detection of analyte was carried out by

nonsuppressed IC separation using a mixture of 4mM
tartaric acid, 20% acetone, and 0.05 mM HNO3 as eluent.
The use of acetone in the mobile phase causes the forma-
tion of different derivatives of MEA and hydrazine, which
get separated at different retention times in IC. The
authors have reported that the recovery of added MEA
was in the range of 95–102%. The method was success-
fully applied to water samples from a steam generator.

2.5 Analysis of trace impurities in nuclear
process/waste streams

From the past many years, a closed nuclear fuel cycle
technology involving the reprocessing and recycling has
been implemented in India [42–44]. The reprocessing of
the spent nuclear fuel generates high, intermediate, and
low-level aqueous waste streams. The detailed and accu-
rate analysis of the ionic components of the waste streams
is an integral part of the waste management, which is a
very crucial task. The development of waste treatment
strategies relies on the accurate analysis results of the
composition of the waste streams, i.e., concentrations of
different ionic species. IC serves as a vital role in the ana-
lysis of anions such as sulfate, nitrate, nitrite, and fluoride
in waste streams and reprocessing plant streams of the
nuclear industry. Few examples of anionic analysis from
different processes of effluents are given as follows.

Waste nitrate streams are generated during the con-
version of ammonium diuranate (ADU) to nuclear grade
uranium dioxide. Thermal denitration is the preferred
option for processing of such waste streams. An experi-
mental thermal denitration plant has been set up at
BARC, which employs fluidized bed for thermal decom-
position of ammonium nitrate solutions into nitrogen,
oxygen, NOx, and water. For efficient running of this
plant, rapid and accurate investigation of the nitrate con-
tent at different stages is needed. Dudwadkar et al. have
developed a method for determination of nitrate content
in these process streams using IC [45]. The nitrate separa-
tion was carried out using the Metrosep A supp 3 analy-
tical column connected in a series with a Metrosep RP
guard column in the presence of 1.8 mM Na2CO3 and
1.7 mMNaHCO3 eluent followed by conductometric detec-
tion in the suppressed mode. This method did not show
any interference from other anions. In the case of effluents
from thermal denitration of zirconium raffinate plant, the
prior separation of “Zr” using H-guard column has been
performed to get rid of the zirconium matrix.

Another example is the determination of nitrate in
the effluent generated during uranium metal production.
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This is very important in view of its safe discharge. The
presence of large concentration of chloride poses a chal-
lenge in nitrate determination. A matrix elimination ion
chromatographic method has been developed. It involved
a sample pretreatment with silver guard column to remove
the interference from chloride ions and subsequent quan-
titative determination of nitrate using IC with conducto-
metric detection under optimized conditions [46]. Table 1
summarizes the methods developed for the analysis of
trace impurities in nuclear materials. Most of the study
presented is carried out at Bhabha Atomic Research
Centre, India.

3 Miscellaneous examples of
application of ion
chromatography

The foremost purpose of nuclear reactors is the produc-
tion of electricity. However, these reactors are also used
for desalination and radioisotope production. Following
section deals with the examples of few indirect applica-
tions of IC to the reactor activities.

One of the upcoming technologies to ease the global
water crisis is forward osmosis (FO). This separation tech-
nology utilizes highly selective semipermeable mem-
branes for water extraction from a feed stream to a highly
concentrated draw solution (DS) [47–50]. A polyamide
membrane for forward osmosis applications has been
synthesized at Bhabha Atomic Research Centre. The ana-
lysis of the leachable chloride content for the as-synthe-
sized membrane was of interest since it can affect the
membrane performance. However, the large concentra-
tion of carbonate anion in the draw solutions of forward
osmosis poses a challenge in the trace level chloride ana-
lysis. In a developed analytical strategy, the carbonate
interference was eliminated by converting it to the acidic
form followed by its removal with nitrogen purging [51].
The carbonate-free sample solution was then tested for
chloride impurity using IC with suppressed conductivity
detection. The RSD of the method was found to be 2%.

Radioactive iodine is one of the main fission products
in nuclear power plants. Its accidental release into the
reactor containment or into the environment is a matter
of safety concern. In this view, the knowledge of aqueous
iodine chemistry and the retention behavior of its species
are important. Herein, we developed a method for detection
of aqueous iodine species such as iodate and iodide
in highly alkaline scrubber solutions by separation of

analytes on an IonPac AS11 column with NaOH as the
eluent [52]. This method has been optimized by vary-
ing the analysis conditions such as column temperature,
eluent concentration, eluent flow rate, and elution
time. The detection limit obtained for both iodate and
iodide was found to be 50 µg L−1 in solution. The solu-
tion samples from air clean-up studies conducted by
TNRPD/Nuclear Recycle Board were analyzed to check
absorption efficiency of iodine, NOx, and CO2 in the caustic
solution. Iodine species were successfully quantified in
these samples.

A common problem encountered in heat transfer
equipment is the scale formation, which leads to failure
of the system. The knowledge of scale formation and its
analysis is important in view of operational and eco-
nomic feasibility of the system. In most of the cases,
the scale samples are composed of sulfates of various
commonly available cations, in particular calcium sul-
fate. The determination of sulfate in such complex
matrices is challenging. An ion chromatographic method
has been developed for the same. Before sample proces-
sing, a nondestructive qualitative analysis of the sample
using EDXRF was carried out to understand its cationic
composition. This was essential to decide the line of
sample pretreatment. The presence of Ca, Fe, Ni, Cu,
and Si as major elements and Ti and K as minor elements
was confirmed from EDXRF. The scale samples were soni-
cated for extraction of the leachable sulfate and cations
in the solution. The extract was then passed through
H-guard column to eliminate the interference due to
cations. The ion chromatographic separation was per-
formed using Dionex AS11-HC anion analytical column
(4 × 250mm) connected in a series with a Dionex AG11-
HC guard column (4 × 20 mm) with 35 mM NaOH as the
mobile phase at a flow rate of 1.0 mLmin−1. The sulfate
content in the samples was determined with a relative
standard deviation of <6% for the overall method [53].

The compositional analysis of the salt mixture gen-
erated by the electron beam irradiation of simulated flue
gas was carried out using IC by Dudwadkar et al. [54]. The
exhaust gas produced in combustion processes at power
plants (generally referred as flue gas) needs to be moni-
tored for toxic emissions. A technology is being devel-
oped by APPD, Bhabha Atomic Research Centre to limit
the release of these toxic emissions in environment by
irradiation of flue gas using electron beam in the pre-
sence of ammonia. The irradiation decomposes the flue
gas by converting NOx and SOx emissions into commer-
cial-grade fertilizer. An IC method with conductometric
detection in the suppressed mode for the compositional
analysis of resultant salt mixture in the aqueous medium
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was developed. This method involved the use of a Dionex
AS11-HC anion analytical column (4 × 250mm) with
35 mM NaOH as the eluent for the anionic analysis and
Dionex CS12A cation analytical column (4 × 250 mm)
with 20 mM H2SO4 for cationic analysis. Determinations
of both anion and cations were performed using opti-
mized experimental parameters of the eluent flow rate of
1.0 mLmin−1, 25 µL injection volume, column tempera-
ture 30°C, and suppressor current of 112 and 117 mA for
anions and cations, respectively. +NH4 (25%) and −SO4

2

(64%) ions were major ions with relative standard devia-
tion of 1%, whereas −NO3, Na

+, Ca2+, K+, and Mg2+ were
found in the range 1.6% to 3% with 0.1% RSD.

4 Recent trends in IC analysis

The significant development was seen in the field of IC
since its inception in 1975. The major developments

include hyphenation of IC with other analytical techni-
ques and miniaturization of the analytical instrumenta-
tion. The coupling of IC with other analytical detection
techniques like atomic absorption, atomic fluorescence,
atomic emission, or mass spectrometry is of interest [55].
The hyphenation resulted in ease of analysis at ultra-
trace levels with enhanced sensitivity. Among all, mass
spectrometry (MS) has been explored more due to its
selective and sensitive detection. IC hyphenated with
MS has become a very powerful tool for the speciation
analysis.

Betty and coworkers contributed immensely in the
development for detection of various fission products in
nuclear matrices using hyphenated techniques [56–61].
In a review on determination of radionuclides in spent
nuclear fuel and high-level liquid waste samples, the
author discussed analytical strategies based on coupling
of IC with other nuclear and nonnuclear detection modes
[56]. The IC-ICP-MS hyphenated technique was found to
be very effective for complete profiling of actinides and

Figure 2: Schematic diagram of IC-ICP-MS coupled analytical set up with glove box (reproduced from ref. [57] with permission from The
Royal Society of Chemistry).
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fission products in nuclear waste samples. Moreover,
the detection limit (achieved using ICP-MS) could be
further improved by employing the online preconcentra-
tion technique. Few selected examples in this area are
discussed later.

A modified IC-ICP-MS coupled system was used for
the analysis of radioactive materials in the glove box [57].
Herein, the system components such as injection valve
and separation column were placed inside the glove box
and were directly connected to the cross-flow nebulizer,
while the chromatographic pump was installed outside
the glove box. The schematic of the analytical setup is
shown in Figure 2 (reproduced from ref. [57] with permis-
sion from The Royal Society of Chemistry). The developed
method was applied for the analysis of spent nuclear fuel
samples. In another report by Moreno et al., IC paired
with ICP-MS was used to separate Np, Pu, and U [58].
The method was optimized with a standard solution con-
taining Np, U, and Pu (ratio 1:1:1) at the 100 ngmL−1

concentration level. A high-capacity cation-exchange column
(CS10) has been employed for separation. Quantitative
recovery (96–98%) of the studied elements was found at
the optimized conditions.

An analytical method for the determination of acti-
nide isotopes in (Pu and UO2) fuel pellet leachate solu-
tions has been reported [61]. Leachate solution was pre-
pared by immersing a mixed oxide (Pu and UO2) fuel
pellet in distilled water, and the concentration of Pu
and U leached were measured using both IC-ICP-MS
and radiometric techniques. This study evaluated dif-
ferent parameters like detection limit for each isotope,
sample preparation procedure in terms of duration, com-
plexity, and interferences. The study showed that IC-ICP-
MS was better suited for the determination of long-lived
radionuclides. It was also reported that the sample pre-
paration and the analysis time were longer for radio-
metric techniques compared to IC-ICP-MS.

A novel method was developed for the determination
of isotopes of Cs and Sr from the mixture containing Rb
and Ba using the IC-ICPMS hyphenated technique [62].
The use of ICP-MS helps in the determination of Rb, Cs,
Sr, and Ba isotopes. The separation was achieved using
ammonia-neutralized oxalic acid (0.1 mol L−1 at pH at
4.5–5.5) as the mobile phase and IonPac CS5A column
as the stationary phase. Under the optimized conditions,
the retention time for the analytes did not exceed 15 min.
It was reported that the method could be applied to deter-
mine 134Cs, 135Cs, 137Cs, and some isotopes of Rb, Sr, and
Ba in a sample from spent nuclear fuel. The activity of
134Cs and 137Cs derived from the ICP-MS data was well in
agreement with the gamma spectroscopy data.

The analysis of actinide and beta-emitting radionu-
clides in waste streams and environmental samples was
carried out using a hyphenated method involving separa-
tion by IC and detection by flow scintillator. IC was used
for elemental selectivity, and flow-through scintillation
counting was used for radiometric detection and discri-
mination. The methodology developed could be applied
to both spiked and actual groundwater samples [63].

Epov et al. reported a simple and online analytical
method for the determination of plutonium (Pu) isotopes
in soil and sediment samples [64]. Pu extraction was
carried out using microwave leaching, and L-ascorbic
acid was best suited to convert Pu into Pu(IV) for chroma-
tography. The separation and preconcentration of Pu
from constituents of sample matrix including 238U was
achieved by flow injection chromatography using TEVA
resin. The use of a high sensitivity quadrupole ICP-MS
demonstrated a detection limit of 3 and 0.3 pg kg−1 for
239Pu and other Pu isotopes, respectively.

The determination of Pu isotopes in lake sediments
was carried out by a novel analytical strategy. The method
involved the use of sector field inductively coupled plasma
mass spectrometry (ICP-MS) paired with two-stage chro-
matographic separation and purification of Pu [65]. The
separation of Pu was carried out using a strong base
anion-exchange resin (AG MP-1M) and concentrated HBr
as the eluent. The method was validated using different
reference materials and applied for Pu determination in
sediment samples.

The automated flow analysis procedures developed
for applications in the nuclear industry have been reviewed
by Trojanowicz et al. [66]. The application of continuous
flow methods (CFA) or injection methods (FIA, SIA) coupled
with the β-radiometric detection reduces the time of analysis
by automation of sample processing and simultaneously
improves the detection limit and precision. The use of mass
spectrometry enables themulticomponent analysis and shows
better limits of detection for transuranic isotopes. The best-
suitable methods for quantitative determination of radioactive
isotopes in environmental samples are online column-based
sample processing and separation involving ion-exchange
chromatography, solid-phase extraction, and extraction chro-
matography coupled with scintillation counting or MS.

The determination of fission products can be achieved
by using the IC-coupled ICP-MS system wherein the inter-
ferences in the MS detection due to different isobars can
be eliminated using IC separation, and the sensitivity in
the MS detection can be improved with column separa-
tion and preconcentration of analytes in IC. ICP-MS cou-
pling as the detection strategy with IC has been emerged
as an effective method for the analysis of fission products
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and actinides in different nuclear samples and contami-
nated nuclear samples.

Roach et al. have recently developed a RAPID (Rapid
Analysis of Post-Irradiation Debris) method for determi-
nation of composition and isotopic analysis of actinides
and fission elements in different matrices [67]. It is com-
posed of high-performance IC-coupled with ICP-MS. The
determination of analytes without matrix separation or
purification via the use of isotope dilution was achieved
with as low as 1% uncertainty at the picogram levels in
short time. In another report, they have applied the same
automated method to an irradiated highly enriched ura-
nium matrix for simultaneous determination of stable
and radioactive isotopes of various fission elements after
leaching the sample matrix. The method was found to be
stable, sensitive, and precise for detection of over 40 ele-
ments including Cs, Sr, Y, La, Ce, Pr, Nd, Pm, and Sm,
down to the femtogram level [68]. Furthermore, the
method was successfully extended for determination of
rare earth elements in uranium ore concentrates in two
detection modalities after separation, i.e., offline and
online detection using ICP-MS. The measurement accu-
racy almost remained identical for both detection methods
[69]. However, this method is not suitable for detection
of short-lived species below the detection level of the
system. Therefore, Roach et al. modified the earlier RAPID
setup by incorporating the inline gamma ray detector
post-IC separation and pre-MS analysis [70]. The chro-
matographic separation of the analytes was achieved
using Dionex ICS 5000 HPIC system at 35°C with IonPac
CG5A guard column and an IonPac CS5A column. The
column output was connected to the nebulizer of the
mass spectrometer for coupling. A separate sample loop
postchromatographic separation and pre-ICP-MS detec-
tion was connected to inline CZT gamma ray detector in
the RAPID setup. With the use of this setup, the authors
have successfully demonstrated that the combination of
two detection strategies, i.e., mass and gamma ray spec-
trometry, is able to characterize the irradiated nuclear
materials.

IC is no exception with respect to miniaturization of
the analytical instrumentation. Implementation of capil-
lary scale IC is the best example wherein the analytical
separations are carried out over a capillary column,
which is about 10 times small in diameter in comparison
with the regular IC columns. Although the first report on
capillary IC was published in 1983 by Rokushika et al.
[71], actual interest of researchers in this technique was
surged recently after the introduction of monolithic col-
umns and capacitively coupled contactless conductivity
detection (C4D) [72–75]. It offers the advantages such as

reduction in volume of sample and eluent, increased
working efficiency of the instrument, improved detection
limits, and generation of less amount of waste over the
regular scale IC separations. Peterson and Montoya [76]
have reported trace level actinide separation using capil-
lary column extraction chromatography. Five actinides
((232)Th, (238)U, (237)Np, (239)Pu, and (241)Am) were
successfully separated using the developed method and
were detected by ICP-MS. Performance of capillary col-
umns with respect to regular IC columns was compared.
The developed method is useful for automated separa-
tions of actinides at trace levels.

The other example of miniaturization is the micro-
chip-based IC system. In case of microchip-based IC, all
chromatographic system components including mem-
brane micro valves, a column, porous frits, and detector
cell are integrated on the single chip except the pump. By
using this integrated miniaturized system, accurate and
precise measurement can be carried out. However, the
parameters such as stability of stationary phase, high
working pressure, and flow control in narrow microchan-
nels present technical difficulties during operation.

The last two decades witnessed remarkable develop-
ments in the field of IC. Figure 3 shows the overview
of the published literature (including journal articles,
reviews, books, reports, etc.) related to the use of IC
over the years available from the search engine PubMed
(retrieved from https://pubmed.ncbi.nlm.nih.gov/advanced/).
It reflects the number of papers published on IC based on
the search results of the term “ion chromatography” in
the title and abstract of the source from 1975 till date.
There are 3,335 results showing up for the mentioned

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

20
20

0

50

100

150

200

250
 Ion Chromatography

 Ion Chromatography, Nuclear and Radioactive 

N
um

be
r 

of
 P

ub
lic

at
io

ns

Publication Year

Figure 3: Bar diagram illustrating the number of papers published
on IC from 1975 till date based on the search results of PubMed. The
figure legends show the terms searched in the title and abstract of
the published literature.
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search with escalating trend over the years from 1975.
This shows the increasing interest of researchers for uti-
lization of IC for various research and application pur-
poses. The bar diagram also includes the data for search
results of the terms: “ion chromatography,” “nuclear,”
and “radioactive” in the title and abstract of the source
from 1975 till date. One hundred thirty-two results
appeared for this search, which accounts for nearly 4%
of the 3,335 results. It is seen from the graphic that after
2010, there is a slight surge in the application of IC for the
analysis of nuclear or radioactive materials. This may be
due to the introduction of more sophisticated instruments
and use hyphenated technologies. The number shows
that the development of direct analytical methods with
very less interferences for characterization of nuclear
materials remains a challenge. There are areas that still
need further improvement to make the technique yet more
powerful. These include development of new stationary
phases, novel sample processing protocols, newer hyphe-
nated detection strategies, complex eluent profiles for
enhancement in peak capacity, improved data acquisition
tools for peak simulation and predictions, application IC
for complex biomolecules, and so on.

5 Conclusion

The present review summarizes the methodologies devel-
oped for the characterization of nuclear materials and
related trace impurities using ion chromatography. Being
a simple, sensitive, and simultaneous technique with
little or no sample pretreatment for separation of anions,
cations, and polar molecular species, IC has evolved as
the widely accepted analytical technique for monitoring
of fuels, coolants, control rods, and so on used in nuclear
reactors. Technological advancement in the instrumenta-
tion with efficient columns, hyphenation of IC with other
sophisticated detection strategies, miniaturized capillary
scale IC, and so on has offered improved detection limits
and high sample throughput in complex matrices.
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